Study Objectives: We studied the sequence of events that occur in electroencephalogram (EEG), electromyogram (EMG), and ocular activities along the transition period between nonrapid eye movement and rapid eye movement (REM) sleep and their temporal relationships.
Introduction
In mammals, sleep consists of two main phases. Rapid eye movement (REM) sleep, so called because of the occurrence of bursts of REMs [1] , is also characterized by the loss of tonic activity in antigravity muscles [2] , muscular twitches [3] , pontogeniculo-occipital (PGO) waves [4] , and desynchronized, lowvoltage, high-frequency electroencephalogram (EEG) activity [5] . The other phase, known by exclusion as nonrapid eye movement (NREM) sleep, is mostly defined by means of EEG activity. The synchronized cortical activity that results from the connectivity between cortical and thalamic neurons and the intrinsic properties of neurons in each of these structures constitute the basis for the different components of the EEG during NREM sleep [6] . Although in humans it is possible to disclose different stages during NREM sleep [7, 8] , this phase is less structured in other mammals. In nonhuman mammals, the EEG during NREM sleep is mainly characterized by high-voltage δ waves and sleep spindles. In contrast to REM sleep, during NREM sleep, there are no REMs and antigravity muscles maintain a tonic activity.
By the end of NREM, if the animal continues to sleep, there is a short period of gradual changes in EEG and muscular activities leading to the development of REM sleep characteristics. This transition period, in which the characteristics of NREM sleep are replaced by those that identify REM sleep, is one of the less studied aspects of sleep. Nevertheless, the order and temporal organization by which these changes develop, as well as their characteristics, may be essential to understand the mechanisms underlying the switching process between NREM and REM sleep, providing insight into the succession of processes occurring in different neuronal populations. Moreover, characterization of the transition periods is important because their frequency of occurrence is a measure of REM sleep need [9] .
The existence of an intermediate period between NREM and REM sleep was first identified in rats by the coexistence of sleep spindles and θ rhythm in the EEG [10, 11] and later confirmed in mice and cats [12, 13] . This transition period was further identified by the recording of cortical units, which showed an increase in their firing rate in the last minute before REM sleep [14] . γ-Activity (30-60 Hz) has also been reported to increase during both this transition period and REM sleep [15] . More recently, oscillations of higher frequency, ranging between 110 and 160 Hz, have been reported to occur during REM sleep [16, 17] . These high-frequency oscillations (HFO) have been shown to display rhythmic changes in amplitude coupled with the phase of the θ rhythm [18] . Despite having caught the attention of many laboratories, little is known about HFO development during the transition period between NREM and REM sleep.
At the beginning of the transition period, brainstem's PGO waves have been found to occur in isolation and to become progressively organized in bursts as REM sleep approaches [19] . Moreover, these PGO waves differ from those observed during REM sleep, showing higher amplitudes from 90 to 30 s before EEG desynchronization [20, 21] .
Transitional changes have also been identified in motor systems. In trigeminal and spinal motoneurons, these changes consist of gradual hyperpolarization occurring around the onset of REM sleep [22, 23] , determining the progressive fading of the tonus in antigravity muscles [24, 25] . The recording of eye movements in cats [26] and rats [27] has revealed the development of a tonic convergence and downward rotation of the eyeballs during the transition period. The recording of the activity of abducens motoneurons has also shown, contrary to common belief but in accordance with the activities recorded in other somatic motoneurons, the development of a tonic inhibition of extraocular motoneurons during the transition period that continues throughout REM sleep [19] . The oculomotor activity during the transition period has also been characterized by the occurrence of isolated, low-amplitude REMs. These phasic activities are due to phasic activations of extraocular motoneurons that overpower their tonic inhibition [19] . A similar phenomenon occurs in spinal motoneurons, originating muscular twitches [3] . Muscular twitches have recently been shown to be temporally organized [28] and to be involved in motor plasticity and development [29] .
Although changes in the majority of variables during the transition period have been well described, the temporal relationships between variables have been scarcely analyzed. In the present work, we studied the chronological order in which these variables develop during the transition period. We found that variables followed a well-organized temporal sequence, in which changes in cortical variables preceded motor changes. A precise characterization of the transition period between NREM and REM sleep may be important, considering that pathologies related to vagal nerve activity [30] , to hypercapnic ventilatory response [31] , or to postural shifts that lead to awakenings [32] and fragmented sleep are emphasized during this period.
Methods
Twenty adult Wistar rats (250-350 g) obtained from an authorized supplier (Envigo Laboratories, Sant Feliu de Codines, Spain) were used as experimental subjects. Experiments were performed in accordance with current Spanish legal regulations (RD 53/2013) for the protection of animals used in scientific experiments, the European Union directive (2010/63/EU), and the Animal Experimentation Ethics Committee protocols of the University of Seville for the use of laboratory animals. Every effort was made to minimize both the number of animals required and any possible suffering they might experience.
Surgical procedure
Under pentobarbital anesthesia (60 mg/kg i.p.), the animals were prepared for chronic polygraphic recordings. After exposing and clearing the skull surface, stainless steel screws (J.I. Morris Co., Southbridge, MA, USA) were attached to both frontal and parietal bones. Three insulated silver wires (A-M Systems, Sequim, WA, USA) with rounded 0.5 mm tips were placed on the dura in each parietal bone (2, 4, and 6 mm posterior of Bregma, 2 mm lateral to the midline) for EEG recordings. Ground and reference silver electrodes were placed over the cerebellar vermis. Electrodes made of insulated multistranded stainless steel wire (A-M Systems) with exposed hook-shaped ends were inserted in the acromiotrapezius muscle to record muscle activity. Wires for EEG and electromyogram (EMG) recordings were welded to a socket and the whole assembly was covered with acrylic cement (Reliance Dental Mfg. Co., Worth, IL, USA).
Five animals were also implanted with a scleral search coil on each eye to record eye movements, using the scleral search technique with a portable magnetic field generator [33] . Two screws were affixed to the head of the animals to attach the induction coils, one close to each eye, as magnetic field generators. This portable system allowed the precise recording of eye movement in unrestrained animals [33] .
Animals were left to recover for a week before any recording began. Maximum care was taken to guarantee animal welfare and avoid post-surgical pain. Antibiotic, anti-inflammatory, and analgesic drugs were supplied.
Recording sessions
After recovery, animals were placed in an electrically shielded Plexiglas cubicle every day and connected to a suspended cable that allowed the animals to move freely while polygraphic recordings were carried out. The portable magnetic field generator was attached to the head of those animals in which eye movements were recorded. Food and water were provided ad libitum. Physiological data were continuously recorded. Cortical and muscular activities were amplified, filtered (Model 3600, A-M Systems), and digitized for off-line analysis (Power 1401 MKII, CED, UK). Eye position signals were sampled at 1 kHz, and EEG and EMG signals at 5 kHz. High-pass filters were set at 0.3 and 10 Hz and low-pass at 1 and 5 kHz for the EEG and EMG, respectively.
Data analysis
To attenuate intrasubject variability in sleep recordings, three transition periods were selected from each animal. The EEG activities were band-pass filtered in the HFO (110-160 Hz), δ (1-5 Hz), θ (6-9 Hz), and spindle (10-16 Hz) bands by using finite response filters. The EMG and the filtered δ, θ, and HFO activities were rectified and integrated with a time constant of 1 s. For each transition, a 100 s period from the last 50 s of NREM sleep to the first 50 s of REM sleep was defined and a Boltzmann sigmoid function was fitted to each integrated activity by the least square regression method in Spike2 (CED, UK). For each transition, the time of occurrence of the last sleep spindle and of the first REM were also identified. Figure 1 shows a representative example of the analytical approach.
To study the development of HFO and its relationship with θ, after fitting the sigmoid to the integrated HFO band, the attainment of 50% of the maximum sigmoid amplitude (X50 point) was used as a temporal reference. EEG data periods of 100 s (50 s prior to 50 s after the X50 point) for each transition period were selected for event-related spectral power (ERSP) and comodulation analyses.
ERSP is a time-frequency analysis commonly used to measure spectral power changes at different latencies and frequencies with respect to a temporal event and a basal activity [34] . For ERSP analysis, every transition period was considered as an epoch and the zero-time event was taken at the X50 point of the sigmoid fitted to the integrated HFO signal. The ERSP was computed between 3 and 200 Hz, with a temporal and frequency precision of 125 ms and 0.015 Hz, respectively. A baseline period was defined between −30 and −25 s with respect to zero-time and a statistical significance threshold (p < 0.01) was calculated by bootstrapping. Analyses were carried out using EEGLAB toolbox (v.13.5.4b) in MATLAB (v. R2015a; The MathWorks, Natick, MA, USA).
Phase-amplitude coupling [35] , detected by comodulation analysis [36] , allows the measurement of cross-frequency coupling between two frequency bands. The modulation index measures the strength of the coupling between a phase-modulating frequency and an amplitude-modulated frequency [18] . In a comodulation analysis, the modulation index is computed for every phase-amplitude pair and, once normalized, z-score values are plotted in a phase-amplitude representation (comodulogram), where the highest values correspond to the strongest coupling. In this study, comodulograms were calculated for successive epochs of 5 s, from −20 to +20 s with respect to the X50 point of the sigmoid fitted to the integrated HFO signal. After applying the Bonferroni correction for multiple comparisons with α = 0.001 and n = 1560, statistical significance was set at a z-value of 4.84.
Results

Temporal organization of events during the transition period
In recording sessions, animals showed spontaneous sleep periods. Occasionally, NREM sleep led to a REM sleep episode. Figure 1 shows an example of a representative transition period. Transition periods between NREM and REM sleep were characterized by a gradual decrease in δ and an increase in θ and HFO EEG bands as well as a progressive loss of the muscular tonus. High-amplitude sleep spindles and low-amplitude REMs were also characteristic of this period.
For each transition period, sigmoidal functions were fitted to the integrated δ (R 2 between 0.72 and 0.86, p < 0.001 in all cases), θ (R 2 between 0.33 and 0.74, p < 0.001 in all cases), and HFO (R 2 between 0.86 and 0.97, p < 0.001 in all cases). As the best fitting was obtained on HFO signal, it was used as a reference for the analyses. Specifically, the time in which the sigmoid fitted to the HFO reached 10% of its amplitude was used as a temporal reference for all variables. From this analysis, the duration of the transition periods, measured as the time in which the fitted curve varied in amplitude between 1% and 99%, was 20.0 ± 1.8 s. Figure 2 depicts the averaged fitted curve (gray sigmoidal line) and the standard error of the mean (area shadowed in light gray). δ decreased in amplitude by 10% at 1.3 ± 0.7 s (blue dot in Figure 2 ), which corresponded to variations in the HFO amplitude between 13% and 22%. The 90% reduction in muscle activity occurred at 12.5 ± 1.2 s (red star in Figure 2 ), when the amplitude of the HFO was between 96% and 99%. The intervals during which the amplitude of the δ and muscle activity varied between 10% and 90% are highlighted in blue and red, respectively, on the HFO curve in Figure 2 . The mean times at which the last sleep spindle and the first REM occurred were 6.4 ± 0.7 s (black square in Figure 2 ), when HFO amplitude was between 60% and 75%, and 6.1 ± 0.6 s (triangle in Figure 2 ), when the HFO amplitude varied between 58% and 71%, respectively.
These results show the existence of a well-arranged string of events characterizing the transition period in the rat, in which variations in EEG activities preceded motor changes. Furthermore, the time interval of HFO development comprised the complete period in which all the signs classically used to define the transition period occurred, suggesting that this activity could be an excellent choice to delimit the total duration of the NREM-to-REM sleep transition period.
Development of the HFO and θ activities
To study the relationship between HFO and θ during the transition period, an ERSP analysis was carried out on each transition (Figure 3, upper inset) . A sigmoid was fitted to the filtered and rectified HFO band and its X50 was used as a temporal reference to align the epochs for ERSP analysis. From ERSP, spectral activities for frequencies between 6 and 9 Hz and between 110 and 160 Hz were frequency-averaged to reconstruct the temporal development of θ and HFO activities. Boltzmann sigmoids were fitted to the mean activity of each band (Figure 3) , and θ and HFO showed coefficients of determinations of 0.91 and 0.95, respectively. Both activities developed in parallel but θ reached 50% of its final amplitude 2.9 s before HFO. Although the average used to reconstruct θ activity was triggered by HFO activity, the high coefficient of determination of θ suggests that the temporal relationship between θ and HFO was very constant.
To study the development of the θ-HFO cross-frequency coupling all along the transition period, comodulograms for consecutive 5 s intervals were computed. In Figure 3 , comodulograms from 20 s before to 20 s after the X50 point of the sigmoid fitted to the HFO are displayed under the abscissa axis. A θ-HFO coupling was detected from the time the HFO began to develop, specifically at the 5 s interval preceding the moment at which the increase in spectral power of HFO reached the X50 point. At this interval, θ activity also reached its X50 point. Modulation indexes in the range of θ and HFO bands increased progressively as the respective spectral power developed, and tended to stabilize as the power of both activities became constant. Significant values (p < 0.001) of the modulation index are shown as a black contour on the comodulograms in Figure 3 . Taken together, the constant temporal relationship between θ and HFO, and the coupling of HFO to θ from the very beginning of the HFO development, strongly suggests that θ oscillation organizes HFO activity.
Discussion
θ-HFO development during the transition period
Present results have shown that both θ and HFO activities progressively increased in amplitude during the transition period and that θ activity arose slightly before HFO. An increase in spectral power of the cortical activity would require units responsible for the oscillations to increase progressively in synchrony and/or activity. Although it is well established that cortical neurons start to progressively increase their activity before REM sleep is fully developed [14] , the mechanisms responsible for this activation are a matter of debate. It was initially proposed that cortical activation could be due to the depolarization of intralaminar thalamic neurons by glutamatergic neurons of the sublaterodorsal nucleus [37, 38] . It was however shown that glutamatergic (VGLUT2+) neurons of the sublaterodorsal nucleus [39] do not project to the intralaminar thalamus, whereas cholinergic sublaterodorsal nucleus neurons do [40] . Furthermore, as these cholinergic neurons are not Fos-positive after REM sleep hypersomnia, it is unlikely that they have a role in cortical desynchronization during REM sleep [40] .
It has also been proposed that cortical depolarization during REM sleep could be mediated by the parabrachial nucleus [39] , which receives inputs from the sublaterodorsal nucleus [41] .
Recent research has addressed the relationship between HFO and θ by recording cholinergic basal forebrain neurons projecting to the cortex, which constitute an important input during wakefulness and REM sleep. Although the involvement of these neurons in triggering REM or wakefulness states is controversial [42] [43] [44] [45] , cholinergic and glutamatergic neurons consistently increase their firing rate during these two states. It is interesting that these cholinergic neurons discharge in bursts with inter-and intraburst frequencies in the range of θ and HFO, respectively, during the transition to REM and REM sleep [46] . The behavior of these neurons could explain the association between HFO and θ in the present study results, which showed that θ-HFO comodulation occurred during the transition period, starting near the beginning of the HFO and gradually increasing in parallel with the growth in HFO amplitude.
Since the onset of the θ rhythm preceded the onset of the HFO and the cross-frequency coupling between both activities was present from the very beginning of the HFO, θ rhythm could likely participate in the mechanism generating HFO. The presence of HFO associated to θ has been described in the cortex [16, 17, 35, 47] and the hippocampus [36, 48, 49] . It has been proposed that θ could play a conducting role in this type of association, establishing a temporal reference between distant regions where HFO would develop in coordination, allowing for information transference [50] . In this sense, results obtained here for the θ-HFO coupling during the transition period would support this theory for REM sleep and could constitute a basis for the coordinated processing of information that originates dreaming.
String of events during the transition period
Attempts to delimit the transition period between NREM and REM sleep have classically focused on changes in isolated variables used as sleep markers. This transition period has been defined according to EEG activity [9, [11] [12] [13] [14] [51] [52] [53] [54] [55] [56] [57] [58] , PGO waves [19] [20] [21] 41] , muscle activity [24, 59] , the activity of motoneurons [19, 22, 23] , and eye movements [26, 27] . However, the temporal relationship between the activities characterizing this period had not been systematically analyzed. This suggested the changes in most of the classic sleep variables used so far, although good indicators of the changes in each specific system, could fail to determine the complete duration and complexity of the transition period.
In the present work, we focused on studying the transition period by simultaneously taking into account variables based on the EEG, the activity of neck muscles and eye movements. Results revealed that these variables followed a well-defined sequence in which cortical changes involving δ extinction and the occurrence of the last sleep spindle preceded those affecting motor systems, independently of their tonic or phasic nature. However, we found that HFO, a recently discovered cortical activity occurring during REM sleep, precisely and completely delimited the transition period, covering the time in which cortical and motor variables changed.
In the cortex, δ extinction preceded the last sleep spindle and both phenomena characterized the first part of the transition period. It has been established that, by the end of NREM sleep, the activation of the thalamo-cortical neurons progressively suppresses δ activity, and the interaction between thalamocortical and reticular thalamic neurons allows the occurrence of sleep spindles [60, 61] . The disappearance of δ before the occurrence of the last sleep spindle, reported here, is coherent with the ponto-thalamo-cortical dynamics during the transition period, supporting previous observations where the transition was defined as a period in which cortical slow waves and sleep spindles of great amplitude coexist with θ rhythm [12, 62] . Nevertheless, as these activities occurred prior to the complete development of HFO, we propose that the transition period should be considered longer-lasting.
The changes in the behavior of motor variables also evidenced that some transitional changes occurred after the last sleep spindle. Present results showed that the first REM occurred just after HFO reached 50% of its maximum amplitude, close to the last sleep spindle and to the onset of the decrease in acromiotrapezius tonus. The complete loss of muscle tone coincided with the maximum amplitude of the sigmoid fitted to the HFO, both phenomena marking the end of the transition period.
The oculomotor system offers valuable information about other motor systems. The occurrence of isolated REMs in coincidence with PGO waves during the transition period in cats reflects the existence of relevant phasic changes at the brainstem during this period [19] . Moreover, coinciding with the occurrence of the first REMs, there is a tonic convergence and a downward rotation of the eyes that lasts much longer [26, 27] , indicating that tonic changes are also prolonged with respect to the first motor phasic signs. The convergence of the eyes is due to the tonic inhibition of the abducens motoneurons [19] . That inhibition is in accordance with the development of the atonia of the neck muscles shown here and with other observations [25] , also revealing that muscles continued to develop their atonia for more than 10 s after REM sleep patterns could be detected in the cortex. In the same sense, the tonic hyperpolarization of spinal and trigeminal motoneurons continues even after the muscle tone is completely suppressed [22, 23, [63] [64] [65] [66] .
Altogether, these results show that motor inhibition is delayed with respect to cortical activation during the transition period. This is especially unexpected, considering our current knowledge of REM sleep control, based on studies carried out in rodents. The onset of REM sleep depends upon the inhibition of REM-off neurons in the periaqueductal gray, the locus coeruleus, and the mesencephalic reticular formation [67, 68] by GABAergic REM-on neurons located in the lateral paragigantocelullar reticular nucleus [69, 70] . The inhibition of the periaqueductal gray by REM-on neurons disinhibits glutamatergic neurons in the sublaterodorsal nucleus. The descending projection of the sublaterodorsal nucleus organizes REM sleep muscle atonia [68, 71, 72] , and its ascending projection seems to be involved in cortical activation through the parabrachial nucleus [39] . According to this, the sublaterodorsal nucleus would constitute a common origin for both ascending and descending phenomena leading to REM sleep. Therefore, the motor delay observed during the transition period would occur somewhere in the descending pathway.
The existence of two alternative descending pathways responsible for spinal motor inhibition has been described in the cat and in the rat [73, 74] . In the first of these routes, excitatory projections from the perilocus/sublaterodorsal nucleus would activate GABA/glycinergic neurons in the ventral medulla [38, 40, 75] that project directly onto motoneurons [72, [76] [77] [78] and spinal interneurons [77] . The persistence of muscle atonia after lesion of the neurons in the ventral medulla involved in this projection [79] [80] [81] and the decreased atonia after inactivating inhibitory interneurons in the ventral horn [39] suggest the existence of a second pathway. In this pathway, motor inhibition would be due to inhibition of the motoneurons by glycinergic interneurons from local spinal networks. Some evidence points to the need for both pathways in order to achieve the hyperpolarization required for a complete motor inhibition, as shown by the increase in phasic activity after inactivating medullary inhibitory neurons [80, 81] , which is interpreted as a disinhibition of the spinal motoneurons [74, 82] . However, there is still controversy on this subject. Highly specific genetic blockade of inhibitory neurons in the ventral medulla is sufficient to produce REM sleep without atonia and with a marked phasic activity [72] . Moreover, inhibitory interneurons of the spinal cord seem not to be active during REM sleep [72] .
Regardless of the role of both descending pathways, the most likely candidate to produce the motor delay would be the motoneuron itself. It has been reported that inhibition in the trigeminal and lumbar motoneurons is a gradual and slow process, on the order of seconds [22, 63] . Motoneuron hyperpolarization is the consequence of a glycinergic blitz [64, 74, 83] starting seconds before the onset of REM sleep and continuing to develop beyond its consolidation [23, 84] . Considering this, it seems logical that among the variables studied in the present work, atonia of the neck muscle developed last.
Considering all the above, we suggest that a more integrative view of the transition period between NREM and REM sleep, encompassing all the variables discussed including cortical and motor phenomena, should be adopted. As the window of development of the HFO is comprised of changes in the remaining variables, this cortical activity constitutes an excellent new marker, allowing a precise delimitation of the transitional period between NREM and REM sleep. Although the development of θ could also be used to delimit the transition period, θ activity was much more variable than the HFO, making it difficult to determine the onset of the transition period. We propose that, as θ development preceded the HFO by 2.9 s, these seconds should also be considered as part of the transition period. Adding them to the 20 s of HFO development yields a total transition period in the rat of 23 s. Every variable in the precise sequence of the string of events leading to REM sleep results from the integrated activities of many neuronal populations. Therefore, alterations in the normal sequence described here could be of special relevance in disclosing sleep disorders and pathological processes.
